Background {#Sec1}
==========

Orthodontic diagnosis and treatment planning require properly trimmed study casts in order to analyze dental relationships. One of these measurements is tooth-size discrepancy, which is defined as disproportionate sizing of opposing teeth \[[@CR1]\]. Bolton overall and anterior ratios between opposing teeth should be normal to ensure ideal interdigitation, overbite, and overjet \[[@CR2]\].

Many investigators evaluated the effect of tooth-size discrepancy on occlusion among different malocclusion groups, sexes, and ethnicities. Nie and Lin showed that tooth-size discrepancy was highly prevalent in Class III and uncommon in Class II \[[@CR3]\]. Araujo and Souki also reported higher prevalence of tooth-size discrepancy in individuals with Class III than with Class I malocclusion \[[@CR4]\]. This trend was also reported in a southern Chinese population and a Saudi population \[[@CR5], [@CR6]\]. Individuals with malocclusion present with significantly higher tooth-size ratios than those with untreated normal occlusions \[[@CR7]\].

Lavelle found that overall and anterior ratios are higher among males than females, regardless of race \[[@CR8]\]. Santoro *et al.* found that male crown measurements are slightly larger and show higher variability than female measurements, which in turn demonstrates differences in tooth-size discrepancy (TSD) between sexes \[[@CR9]\]. Uysal *et al.* showed significant sex differences for overall ratio among normal occlusion subjects \[[@CR7]\]. However, Sameshima \[[@CR10]\], Araujo and Souki \[[@CR4]\], Akyalcin *et al.* \[[@CR11]\], Basaran *et al.* \[[@CR12]\], Nie and Lin \[[@CR3]\], Al-Tamimi and Hashim \[[@CR13]\], and Endo *et al.* \[[@CR14]\] reported no significance sex difference in tooth-size ratios.

Ethnicity is a factor in tooth-size ratios. Individuals of African ethnic background have been reported to have larger teeth than Caucasian individuals \[[@CR2]\]. Dominican Americans have been reported to have tooth sizes similar to African Americans but larger than European Americans \[[@CR9]\]. Johe *et al.* found that African American subjects had higher prevalence of clinically significant anterior tooth-size discrepancies than did Caucasians and Hispanics; and discrepancies among Hispanic patients were more likely due to mandibular anterior excess \[[@CR15]\]. The mathematical tooth-size ratios introduced by Bolton are intended to serve as a useful guide in diagnosis and treatment planning \[[@CR16]\]. However, Smith *et al.* reported that Bolton ratios apply to white women only but are not applicable to white men, blacks, or Hispanics \[[@CR2]\]. Other studies showed that Bolton values are not applicable to Turkish or Japanese populations \[[@CR14], [@CR17]\]. However, Al-Tamimi and Hashim found no differences between Bolton ratios and the tooth-size ratios of their Saudi sample.

Preformed archwires are commonly used in orthodontic practice \[[@CR18]\]. Several authors have pointed to the importance of classifying the patient's arch form for selection of appropriate preformed archwire to achieve stability of the therapeutic results \[[@CR19]\]. Felton *et al.* investigated the possibility of an ideal orthodontic arch form that might be identified for treated and untreated individuals, but found no a specific arch form \[[@CR20]\]. Raberin *et al.* found five predominant mandibular dental arch forms (narrow, wide, mid, pointed and flat) in their sample of French individuals with normal occlusion \[[@CR21]\]. Nojima *et al.* compared morphological difference between Caucasian and Japanese mandibular arches and concluded that no single arch form is specific to any Angle classification or ethnic group \[[@CR22]\]. Kook *et al.,* Gafni *et al.,* and Bayome *et al.* followed the method prescribed by Nojima *et al.* to determine the arch forms in different populations \[[@CR23]--[@CR25]\]. Taner *et al.* evaluated longitudinal arch width and form and concluded that maxillary arch forms were mostly tapered, and that mandibular arches were tapered and narrow-tapered \[[@CR26]\].

Trivino *et al.* identified 23 mandibular arch forms in a Brazilian group and concluded that a single arch form cannot represent the normal dental arch \[[@CR27]\].

Oda *et al.* found that preformed archwires were significantly narrower than normal dental arches \[[@CR28]\]. Subjective classification of dental-arch shape and objective analysis via arch-width measurements were found to be correlated \[[@CR29]\]. Recently, Lee *et al.* developed a method to classify dental arch forms to ensure both goodness of fit and pragmatic clinical application \[[@CR30]\]. In an attempt to correlate tooth size, but not TSD, with different arch forms, Haralabakis *et al.* concluded that smaller teeth were associated with "wide" or "pointed" maxillary arch forms and "flat" mandibular arch forms \[[@CR31]\].

Few studies have explored the predominant arch forms and the prevalence of Bolton tooth-size discrepancy among Saudi patients. Thus, this study examines the arch form distribution in a sample of Saudi orthodontic patients, to evaluate the percentage of patients who present with a significant tooth-size discrepancy, and to investigate the possible association between arch form, clinically significant tooth-size discrepancy, and sagittal molar relationship.

Methods {#Sec2}
=======

All available pretreatment orthodontic records of patients who attended the orthodontic clinics at the College of Dentistry, King Saud University, and a private orthodontic clinic in Riyadh, Saudi Arabia, were reviewed, and orthodontic casts from 230 patients matching the following selection criteria were included: Good-quality pretreatment study casts; fully erupted permanent teeth at least from first molar to first molar; absence of tooth crown size alteration (proximal restorations); no history of trauma or orthodontic treatment; and Saudi ethnicity. Ethical approval was obtained from the College of Dentistry Research Center (Registration No. NF 2271).

Molar relation determination {#Sec3}
----------------------------

Molar relationship (anteroposterior dental arch relationship) was assessed according to Angle's definition. Molar Class I was defined as occurring where the mesiobuccal cusp of the upper first molar occluded with the mesiobuccal groove of the lower first molar, or within less than half a cusp width anteriorly or posteriorly. Mismatched right and left molar classifications were considered "asymmetric".

Arch-form analysis {#Sec4}
------------------

Mandibular models were digitally scanned (Epson® Perfection V750-M Pro Scanner, Seiko Epson Corporation, Nagano, Japan) and a ruler was used for size calibration. The most facial aspect of 13 proximal contact areas around the arch was digitized using AutoCAD software (AutoCAD 2012, Autodesk, Inc., San Rafael, United States). The clinical bracket point for each tooth was located facially via a line perpendicular to that connecting the mesial and distal contact points of each tooth \[[@CR22], [@CR23], [@CR32]\]. Then, tapered, ovoid, and square arch-form templates (3 M Unitek) were used to classify each case, based on the arch form that provided the best fit to the eight clinical bracket points ranging from the mandibular right first premolar to the left first premolar \[[@CR33]\].

Tooth-size measurement {#Sec5}
----------------------

A digital caliper was used to measure the mesiodistal crown diameters of all teeth (from first molar to first molar) to the nearest 0.01 mm \[[@CR34]\]. The width of each tooth was measured from its mesial contact point to its distal contact point at its greatest mesiodistal width. Bolton's formulae were used to calculate tooth-size ratios \[[@CR16], [@CR35]\]:$$\documentclass[12pt]{minimal}
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Data analysis {#Sec6}
-------------

Data were evaluated using PASW® Statistics 18 (SPSS Inc., Chicago, Illinois, United States), and the level of significance was set at p \< 0.05. The following tests were used:Error of method: for intra-examiner reliability, measurements were compared via coefficient of reliability and kappa statistics. Within a two-week period, the mesiodistal widths of 10 pairs of casts were re-measured by the same investigator, and a high coefficient of reliability was observed (r = 0.936). Arch forms were re-determined by the same investigator for 19 lower casts and perfect agreement was observed between the first and second evaluations (kappa score of 1).Descriptive analysis including the prevalence of Bolton discrepancy and distribution of arch form types among the sample.Chi-square, *t*-test, and ANOVA were used to evaluate the presence of an association.

Results {#Sec7}
=======

The demographic characteristics of the sample group and the distribution of sagittal molar classes and arch forms are shown in Table [1](#Tab1){ref-type="table"}. No significant differences were observed between male and female patients in the distribution of molar relationships or arch forms (chi-square test). More than half of the cases were Class I, followed by asymmetric molar relationship, Class II, and then Class III. Arch forms were more equally distributed between the three shapes, and the most frequent form was the ovoid (p = 0.57). As shown in Table [2](#Tab2){ref-type="table"}, no relationship was observed between the interarch relationships and the mandibular arch forms.Table 1Demographic data of the sample and the distribution of the molar classes and the arch formsAge (year)Mean ± SD17.26 ± 6.47Range9.6-58.6GenderMale109 (47.4 %)Female121 (52.6 %)MaleFemaleTotalMolar ClassificationClass I57 (24.8 %)75 (32.6 %)132 (57.4 %)Class II15 (6.5 %)15 (6.5 %)30 (13 %)Class III14 (6.1 %)11 (4.8 %)25 (10.9 %)Asymmetric23 (10 %)20 (8.7 %)43 (18.7 %)p = 0.493\*MaleFemaleTotalArch FormSquare27 (11.7 %)37 (16.1 %)64 (27.8 %)Ovoid45 (19.6 %)42 (18.3 %)87 (37.8 %)Tapered37 (16.1 %)42 (18.3 %)79 (34.3 %)p = 0.507\*\*Chi-square test: not statistically significant. Data presented as n (%)Table 2Distribution of arch forms across different sagittal molar relationshipArch FormMolar ClassificationClass IClass IIClass IIIAsymmetricTotalSquare37 (16.1 %)8 (3.5 %)6 (2.6 %)13 (5.7 %)64 (27.8 %)Ovoid50 (21.7 %)12 (5.2 %)10 (4.3 %)15 (6.5 %)87 (37.8 %)Tapered45 (19.6 %)10 (4.3 %)9 (3.9 %)15 (6.5 %)79 (34.3 %)Total132 (57.4 %)30 (13.0 %)25 (10.9 %)43 (18.7 %)230 (100 %)Chi-square p-value = 0.998. Data presented as n (%)

Approximately half (49.1 %) of the sample showed an anterior Bolton tooth-size discrepancy i.e. exceeding ±1 standard deviation (SD) (\<75.55 or \>78.85), while only 39.1 % showed an overall Bolton discrepancy (\<89.39 or \>93.21) (Fig. [1](#Fig1){ref-type="fig"}). More cases showed high tooth-size ratio (29.6 % anterior and 26.5 % overall) than a low ratio (19.5 % anterior and 12.6 % overall).Fig. 1Frequency distribution of the cases with anterior and overall Bolton discrepancy: 0; No discrepancy (±1 SD), 1; 1--2 SD, 2; 2--3 SD, 3; \>3 SD

In Bolton analysis, a significant discrepancy was evident when the tooth-size ratio exceeded two SDs from Bolton's mean (\<73.9 or \>80.5 for the anterior ratio, \<87.5 or \>95.1 for the overall ratio) \[[@CR35]\]. No association was observed between the presence of a significant Bolton discrepancy and the sagittal molar relationship or arch form (Table [3](#Tab3){ref-type="table"}).Table 3Prevalence of tooth-size discrepancies of anterior and overall ratio defined as \<2 SD or \>2 SD by malocclusion, arch form, and gender and results of chi-square testsAnterior BoltonOverall Bolton±2SD\>2SD or \<2SDChi-square test±2SD\>2SD or \<2SDChi-square testTotalClass I110 (47.8 %)22 (9.6 %)P = 0.966119 (51.7 %)13 (5.6 %)P = 0.089132 (57.4 %)Class II24 (10.4 %)6 (2.6 %)27 (11.7 %)3 (1.3 %)30 (13 %)Class III21 (9.1 %)4 (1.7 %)19 (8.3 %)6 (2.6 %)25 (10.9 %)Asymmetric35 (15.2 %)8 (3.5 %)41 (17.8 %)2 (0.9 %)43 (18.7 %)Total190 (82.6 %)40 (17.4 %)206 (89.6 %)24 (10.4 %)230 (100 %)Square50 (21.7 %)15 (6.5 %)P = 0.45958 (25.2 %)6 (2.6 %)P = 0.91064 (27.8 %)Ovoid72 (31.3 %)14 (6.1 %)77 (33.5 %)10 (4.3 %)87 (37.8 %)Tapered68 (29.6 %)11 (4.8 %)71 (30.9 %)8 (3.5 %)79 (34.3 %)Total190 (82.6 %)40 (17.4 %)206 (89.6 %)24 (10.4 %)230 (100 %)Male90 (39.1 %)19 (8.3 %)P = 0.98893 (40.4 %)16 (6.9 %)P = 0.037\*109 (47.4 %)Female100 (43.5 %)21 (9.1 %)113 (49.1 %)8 (3.5 %)121 (52.6 %)Total190 (82.6 %)40 (17.4 %)206 (89.6 %)24 (10.4 %)230 (100 %)\*Statistically significant

ANOVA showed no significant difference in anterior ratio or overall ratio by sagittal molar class or arch form for the study sample as a whole. However, *t*-test results showed a significant difference in the prevalence of overall Bolton discrepancy between males (mean = 92.306) and females (mean = 91.545) (p = 0.013). No significant difference was observed in the anterior ratio between males (mean = 77.883) and females (mean = 77.329) (p = 0.08).

The distribution of the cases based on the amount of tooth-size correction required to balance the anterior Bolton discrepancy in the maxillary teeth (reduction or addition) is shown in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Frequency distribution of the cases defined by the amount of correction required to balance the anterior Bolton discrepancy in the maxillary anterior teeth

Discussion {#Sec8}
==========

Previous studies have reported significant differences in head form and arch form between various ethnic groups \[[@CR22]--[@CR24], [@CR36]--[@CR38]\]. Thus, careful selection of preformed archwires that match the patient's original arch form and ethnicity is essential for a stable result.

Our Saudi group showed a significantly different distribution of arch forms compared with Egyptian, Caucasian \[[@CR25]\], Israeli \[[@CR24]\], Korean \[[@CR23]\], and Japanese \[[@CR22]\] populations (Table [4](#Tab4){ref-type="table"}). Israeli orthodontic patients tend to have significantly more ovoid and fewer square arch-forms compared to the Saudi sample. Asian (Korean and Japanese) patients present with significantly more square and fewer tapered arch-forms than our sample. The Saudi group showed no relationship between Class III malocclusion and square arch form, contrary to previous findings in Egyptian, Caucasian, Israeli, Korean, and Japanese populations \[[@CR22]--[@CR25]\]. The natural compensation pattern of the mandibular anterior teeth characterized by lingual tipping and the resultant flattening of the anterior segment of the mandibular arch might explain the frequent observation of square arch form among Class III malocclusion cases in other populations. The small number of patients with Class III molar relationship in our sample, and the possibility that these cases present with mild Class III malocclusion lacking the usual developmental pattern of compensation might explain the lack of the square arch form in the study sample. In cases with Class II malocclusion, the distribution of the arch form was not different from that of the Class I group. This support the finding of Felton *et al.*, who reported little difference in arch forms between malocclusions groups \[[@CR20]\]. However, other studies reported that Class II arches were more commonly associated with tapered arch forms and lower prevalence of the ovoid arch form in Caucasian subjects \[[@CR22], [@CR23]\]. Egyptian patients, on the other hand, showed an opposite tendency toward increased frequency of ovoid arch form in Class II malocclusion, a finding that supports the observation of ethnic variations in the distribution of arch forms \[[@CR25]\].Table 4The distribution of arch forms between the Saudi sample and other ethnicitiesArch FormEgyptian \[[@CR25]\] (n = 94)Caucasian \[[@CR25]\] (n = 92)Israeli \[[@CR24]\] (n = 134)Korean \[[@CR23]\] (n = 368)Japanese \[[@CR22]\] (n = 160)Saudi Present Study (n = 230)Square29 (31 %)19 (21 %)23 (17.2 %)172 (46.7 %)73 (45.6 %)64 (27.8 %)Ovoid37 (39 %)39 (42 %)68 (50.7 %)127 (34.5 %)68 (42.5 %)87 (37.8 %)Tapered28 (30 %)34 (37 %)43 (32.1 %)69 (18.8 %)19 (11.9 %)79 (34.3 %)p-value0.7140.4090.024\*\<0.0001\*\<0.0001\*\*Chi-square test: statistically significant. Data presented as n (%)

Similarly to previous studies, our group showed no sex differences in arch form \[[@CR21], [@CR25], [@CR39]--[@CR42]\]. However, some studies reported that some male arches are larger than female arches \[[@CR25], [@CR31]\]. The current trend in clinical practice has shifted towards the utilization of digital models that are able to capture the details of the facial surfaces via three-dimensional imaging. New developments in software technology should enable clinicians to more accurately identify arch forms appropriate for each patient and to select custom-fit archwires.

A large proportion of orthodontic patients present with tooth-size discrepancy. Those who have anterior or overall ratios beyond 2 SDs are considered to have a significant Bolton discrepancy. In the Saudi sample, 17.4 % of patients had significant anterior tooth-size discrepancy. This figure matches the findings for a British orthodontic population (17.4 %) and a Croatian population (16.28 %) but was lower than the prevalence in a Turkish population reported by Uysal and Sari (21.3 %), Dominican American population reported by Santoro *et al.* (28 %), and American population reported by Freeman *et al.* (30.6 %) \[[@CR9], [@CR17], [@CR43]--[@CR45]\]. The finding that approximately one-fifth of orthodontic patients present with a significant tooth-size discrepancy clearly highlights the need to conduct Bolton analysis as an essential part of the initial work-up of any orthodontic case. Early identification of such a discrepancy assists clinicians in planning appropriate treatment method (enamel interproximal reduction or composite resin bonding/veneers), facilitates discussion of the treatment plan with the patient, and improves communication with other dental specialists \[[@CR46]\].

In the present study, sagittal molar classification was not related to the distribution of the tooth-size discrepancy groups. This was in agreement with the findings of Uysal and Sari, who reported no difference in tooth-size ratios between malocclusion groups in a Turkish population, the findings of Crosby and Alexander in an American population, and O'Mahony *et al.* in an Irish population \[[@CR17], [@CR47], [@CR48]\]. However, Araujo and Souki reported that Brazilian individuals with Angle Class I and Class III malocclusions showed significantly higher prevalence of tooth-size discrepancies than individuals with Class II malocclusions \[[@CR4]\]. In a Chinese population, the trend towards higher tooth-size ratios in Class III malocclusion was noted by Nie and Lin and by Ta *et al.* \[[@CR3], [@CR5]\]. This trend was also reported by Alkofide and Hashim, and by Strujic *et al.* in Saudi population and Croatian populations respectively \[[@CR6], [@CR45]\]. In the present study, approximately one-third of Class III cases presented with significant tooth-size discrepancy. This tendency was non-significant, which might be attributed to the small proportion of individuals with Class III malocclusion in the present study. This study is the first to report asymmetric molar relationship as a separate category in an attempt to identify the possible contribution of tooth-size discrepancy to the etiology of such malocclusion. No relationship was detected between the presence of Bolton discrepancy and the asymmetric molar relationship, which may indicate that the known possible explanations for this classification (skeletal asymmetry, centric relation-centric occlusion shift, dental asymmetry due to drifting or dental anomalies) remain the underlying causes. The current assessment of sagittal malocclusion is limited by the fact that sagittal molar relationship is insufficient for diagnosis of Class II or Class III malocclusion, and because other sagittal variables such as overjet and skeletal sagittal discrepancy were not evaluated in this study. Moreover, the sagittal molar relationship can be altered by molar mesial migration.

Most prior studies reported no significant differences in anterior or overall tooth-size ratio between males and females \[[@CR2], [@CR3], [@CR6], [@CR8], [@CR15], [@CR43], [@CR48]\]. In the present study, overall Bolton discrepancy was significantly more prevalent among males than females. However, in a Turkish population, Uysal et al. reported that males showed significantly lower overall ratio than females \[[@CR7], [@CR17]\]. These conflicting results for tooth sizes may be explained by the differing ethnicities of the study groups.

Arch form types were not related to the presence of tooth-size discrepancy. Therefore, arch form is likely determined by patient-specific genetic and environmental factors, and orthodontists need to recognize the uniqueness of each case in their treatment planning.

Conclusions {#Sec9}
===========

Based on the results of the present study, the following conclusions can be drawn:In Saudis, there were more ovoid cases forms than tapered and square but no single arch form was significantly more common.Arch form types were not associated with gender, sagittal molar relationship, or the presence of tooth-size discrepancy.Sexual dimorphism was evident in the prevalence of overall Bolton tooth-size discrepancy.
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